Abstract. We analyzed capabilities and functionalities of a multisegment superlens recently suggested for long-distance transport of color images with subwavelength resolution. We studied the performance of three-and six-segment nanolens structures by analyzing numerically both transmission and reflection coefficients and by employing the full-wave simulations for a particular source arrangement. Our results suggest that such multisegment structures offer limited subwavelength imaging performance with a relatively narrow frequency band.
Introduction
Subwavelength imaging is a subject of special interest in the study of negative-real refractive index material and photonic bandgap structures, and it attracted a lot of attention in recent times due to its potential applications in various areas. Such imaging results from the restoration of the evanescent field components that goes beyond the capability of a conventional dielectric lens which can handle only the far-field of a source and operates only with propagating waves. Therefore, the image formation is prohibited at the far-field region by a conventional lens. To overcome this problem, several solutions such as perfect lens, 1 silver superlens, 2 hyperlens, 3, 4 and stimulated emission depletion fluorescence microscopes 5 have been put forward by various groups. Recently, imaging with a holey metallic plate 6 and a conducting sheet 7 have also been proposed. Another type of superlens that employs array of a silver nanorod was suggested for imaging in the visible range. 8 Such a lens operates through the excitation of surface plasmon polaritons (SPPs) on the individual rods. The improved multisegment superlens has been suggested for the color imaging capability, 9 and it can be employed to achieve magnification with a divergent arrangement of the nanorod assembly. Another salient feature of stacked superlens is that it can be employed to transport an image for a longer distance as compared to solid nanorods. The SPP excited in the first segment by a near-field source couples with the second segment, which then excites the next segment, and so on. This so-called domino effect in the plasmon excitation can eventually bring the source information to the other side of the device where a field-distribution similar to the source-field can be obtained. The above-mentioned devices pave the way for the development of a new class of optical microscope capable of scanning the whole area of interest, and thus can save a considerable amount of time. This would eventually replace the incumbent ones which make the microscopy process very slow (10 μm/s) as it employs a single probe.
Subdiffraction imaging in the microwave and the infrared domains has been studied extensively, and theoretical and experimental results can be found in Refs. 10-12 where a subwavelength resolution is achieved by means of an array of metallic rods. Such an array helps only in guiding the evanescent waves from one interface to the other, whereas in Pendry's superlens amplification of the evanescent waves take place while the same is being guided through. The key point to achieve good imaging with a rodded medium is that the lens must operate in the canalization regime, 13 which can be ensured by having the rods abide by the Fabry-Pérot resonance condition, i.e, L = nλ g /2, where λ g is the guided wavelength and n is an integer number. Besides, the selection of source plays an important role while examining the fidelity of such a device. As discussed in Ref. 14, an injudicious choice of source might produce anomalous results 11 and mislead the readers. Electromagnetic waves in such an anisotropic medium do not experience cut-off and travel along the axis of anisotropy without suffering diffraction. It is quite remarkable that in a material of extreme anisotropy, a Fabry-Pérot resonance condition is satisfied simultaneously for all spatial harmonics, since the extraordinary waves in the medium travel along the rods with the same phase velocity, regardless of the transverse wave vector. The propagation mechanism in such a medium does not involve any resonance of the material parameters and hence resolution is mostly unaffected by material losses. While this is true in microwave range and under circumstance in IR range, the plasmonic effect and losses dominate in the visible range, and the resolution cannot be improved merely by reducing the spacing. 15 In this paper we study the operational ability of a superlens, in the visible domain, formed by an array of silver nanorods arranged in stacks. First, we discuss the properties of the threesegment nanolens (Sec. 2). We define the regime where such a structure can be employed for the subwavelength imaging (Sec. 3) and also determine its bandwidth (Sec. 4). Next, we double the number of segments and study the six-segment structure (Sec. 5). We reveal that the six-segment nanolens can indeed be employed to guide an image at larger distances than the one-and three-segment structures, however, our results do not demonstrate the substantial bandwidth improvement.
Three-segment Stacked Nanolens
First, we consider a three-segment nanolens composed of three arrays of silver nanorods with the same parameters as in Ref. 9 . The geometry of the nanolens structure is shown in Fig. 1(a) . The lens was numerically modeled using a full-wave electromagnetic simulator CST TM Microwave Studio. We have used the Drude model for relative permittivity of Ag defined as ε m (ω) 16 rad/s and = 8.33689×10 13 /s (Ref. 9) which gives us the relative permittivity value of −9.121 + i0.304 at the wavelength of 488 nm. The imaging capability of the lens was tested with the help of a cluster of in-phase point sources positioned on the rod-axis forming the letter "A," the same as in Ref. 9 . Each point source is a small dipole polarized along the rod axis (X-axis) and placed 10 nm away from the array interface (front-interface). Although it was suggested in Ref. 9 that the device with a rod length of 50 nm, diameter 20 nm, and gap 10 nm operates at a frequency of 622 THz, we were unable to find any discernible image at this frequency. Figures. 2(a) and 2(b) show the field distributions at the source and the image planes of the nanolens. No discernible image in the form of the letter A is observed. This result does not support the expectation 9 for dramatic improvement of the imaging performance.
This inconsistency originates from the fact that our result was obtained by the full-wave simulation of finite-sized nanorod array presented in Fig. 1(a) , whereas in earlier studies 9 the image was obtained under the assumption that linear arrays of nanorods composing the nanolens does not interact with each other. It is clear that in the considered case the interaction between the rows of nanorods is dramatic and this results in destruction of desired imaging capability. It is not possible to neglect interaction between different rows of nanorods.
In order to independently confirm the observed absence of imaging, we calculated dependencies of reflection and transmission coefficients on the transverse component of a wave vector of an incident p-polarized plane wave for an infinite (in y-and z−directions) three-segment The transmission characteristic of a perfect imaging device has to be equal to 1 for a whole range of spatial harmonics. For real structures, the imaging is observed if the amplitude of transmission characteristic is close to unity and the phase does not vary dramatically over a certain range of spatial harmonics. 16 The amplitude of transmission coefficient in Fig. 2 (c) has 3 local maximums and the phase in Fig. 2(d) significantly varies with slight changes of the transverse component of a wave vector. Such behavior by no means is compatible with satisfactory subwavelength imaging.
The problem with the stacked nanolens proposed in Ref. 9 is that the choice of the specific parameters does not allow to produce a convincing image and therefore this requires further study. A detailed step-by-step procedure of how to calculate the parameters of a single-segment nanolens for proper functioning in a particular band is given in Ref. 16 following an investigation that the lens exhibits problems in proper operation 8 for arbitrary coherent sources. The idea of this paper is to apply a similar procedure in order to determine the right parameters of the stacked lens that can improve the operation of the device. The earlier suggestion 9 to employ multiple segments in a bid to excite multiple resonances, and hence to have a very wide bandwidth, is not well justified since it assumes the absence of interaction between rows of nanorods. As will be shown below, the actual operation bandwidth of such a device is rather narrow.
Subwavelength Imaging Regime
As follows from Fig. 2 , the original parameters of the stacked nanorod array are unable to produce the pattern of the transmission coefficient required for satisfactory subwavelength imaging. 16 Therefore, for proper imaging one needs to modify the parameters of the array (length of the rods and/or gap between them) and hence alter the pattern of the transmission and reflection coefficients. Another way could be to find another frequency band of operation different from that suggested in Ref. 9 with the existing parameters that would support the imaging operation of the device.
First of all, we opted for the latter in order to find the imaging capability of the device. We found that for a rod length of 50 nm and gap 10 nm, the device operates at 510 THz, in contrast to 622 THz as suggested in Ref. 9 . The result of numerical simulation is presented in Fig. 3 . The letter A is clearly seen in the image plane.
Secondly, we have observed that the decrease of the rod length leads to the increase of the operating frequency. The nanolens with 40 nm long nanorods operates at 555 THz (see Fig. 3 ). The increase of the rod length leads to the decrease of the operating frequency: The nanolens with 60 nm long nanorods operates at 480 THz. However, as it can be seen from Fig. 3 , the image appears slightly distorted by ripples due to excitation of surface waves. The further increase of the rod length leads to complete degradation of the image. The observed phenomena can be clearly explained using the transmission coefficient dependencies on the transverse wave vector plotted in Fig. 4 . These dependencies have single maxima for amplitude and slight variation of the phase. The increase of the rod length leads to an increase of the maximum value of the transmission coefficient, and this results in the distortion of the image.
Here we have to emphasize that in our simulation, we experienced another source of image distortions. It was coming from diffraction on the finite-sized aperture of the lens. The influence of the nanolens aperture on imaging performance is illustrated in Fig. 5 . Our observations have shown that the greater the aperture of the lens and the longer the distance between the source and the edges of the lens, the better the quality of the image. This conclusion is in good agreement with our previous studies of single-segment nanolenses. 17 That is why, in order to improve overall quality of images, in our simulations we have used geometry presented in Fig. 1(a) which corresponds to the best case [ Fig. 5(c) ] among three geometries shown in Fig. 5 .
Interestingly, the decrease of the gap between the nanorods from 10 to 5 nm significantly improves the quality of imaging provided by the device, and leads to a decrease of operating frequency. The images obtained for the device with a 5 nm gap are shown in Fig. 6 . The image quality and sharpness is better as compared to results presented in Fig. 3 for a nanolens with a 10 nm gap. The observed effect is clearly supported by the fact that the magnitude and phase patterns of transmission coefficient for a nanolens with a 5 nm gap shown in Fig. 7 have less variation than the ones in Fig. 4 for a 10 nm gap. The maximum value of the transfer function for 60 nm long rods drops from 6 to 3 with a decrease of gap from 10 to 5 nm. This results in significant improvement of the image quality for the nanolens formed by 60 nm long rods with a gap decrease (compare Figs. 3 and 6 ). It should be noted that with the decreased gap between segments, the operating regime exhibits a redshift which can be attributed to the increased capacitance between the rods, resulting from the reduced gap.
Bandwidth Estimation
Field distributions in the image plane for various lengths of the nanorods and various gaps were calculated in the wide range of frequencies and analyzed. The analysis allowed us to summarize the main features of the nanolens operation in Table 1 .
In particular, one can see that the increase of the nanorod length leads to a decrease of the operating bandwidth and a decrease of the central frequency of operation. The decrease of the gap between nanorods significantly improves the bandwidth of operation. In particular, for The typical imaging performance of the stacked nanolens with 100 nm long rods and 5 nm gap is illustrated in Fig. 8 . This lens functions well over a bandwidth of 3% (303 to 312 THz). At frequencies lower than the band of operation the image of the letter A appears more bold as compared to regular images. This fact is illustrated in Fig. 8 by electric field distribution in the image plane at 300 THz. At the frequencies lower than the band of operation, the image appears distorted by ripples (see image plane electric field distribution at 315 THz in Fig. 8 ).
Six-segment Stacked Nanolens
Next, we double the number of segments in the nanorod assembly and examine the fidelity of the six-segment structure. Figure 9 (a) shows a multisegment structure containing six segments with a rod-length of 80 nm in each segment and a gap of 5 nm between two consecutive segments. The image and source plane field distributions are also shown below. The distributions at the image plane fairly mimics that of the source plane. Here it should be noted that previously it was supposed that imaging is not possible with a device comprised of an even number of segments. 9 Besides, it was suggested that the bandwidth would improve with the increase in the number of segments, eventually leading to the color imaging capability of the device for a very large number of segments. Table 1 shows the calculated bandwidth for various parameters of the six-segment stacked nanolens. The bandwidth for a six-segment nanolens calculated for four different lengths of the nanorods is found to be around 1.5% to 1.9%, which is not among the highest values in the table and thus question the purported color imaging capability of the device. Thus, our results suggest that the existence of multiple resonance modes with multiple segments 9 may not be realized due to the interaction between different rows of the nanorods.
Conclusions
We have analyzed the imaging capabilities of the stacked nanolens formed by a lattice of nanorods. Such a multisegment nanolens was suggested earlier for transporting color images for long distances by virtue of the so-called domino plasmon effect. We have investigated three-and six-segment structures in order to reveal advantages and limitations of their operation. We have found that the six-segment nanolens can be employed to guide an image at larger distances than the three-segment structure, however, in contrast to the previous studies we did not confirm the bandwidth improvement. We have also calculated the transmission and reflection coefficients for infinite arrays of nanorods in order to have a deeper insight into the transmission characteristics of the lens. A resonance-free transmission coefficient magnitude and constant phase are mandatory to reproduce correctly the source field distributions. For a stacked nanolens, we have two parameters, the gap between consecutive segments and the length of the nanorod, which can be exploited in order to manipulate the transmission characteristics. We have shown that decreasing the gap significantly improves the imaging performance of the device: it increases the bandwidth and diminishes resonant excitation of surface waves. The adjustments of the nanorod length allows to tune the nanolens to operate at a particular frequency. Despite all the positive traits for the performance of such a stacked nanolens, the color imaging characteristic still remains elusive.
